The energy realistically attainable by an electronpositron storage ring is limited by the RF voltage and power requirements imposed by synchrotron radiation to about 100 GeV. To reach energies of 300 x 300 GeV and higher in a colliding beam machine of reasonable dimensions, we must look to the linac-collider operating at an energy gradient on the order of 100 MV/m. Proper choice of an RF structure for such a collider can minimize the total RF power requirement and the effects of longitudinal and transverse single-bunch beam loading. For an operating frequency in the range 4-6 GHz, the total RF power requirement for a 300 x 300 GeV collider with a luminosity of 1032 cm-2s-1 accelerating 1011 particles per bunch is on the order of 50 MW. To drive this collider, RF power sources are needed having a peak output power in the range 1-2 GW. Possibilities for attaining these peak power levels by direct generation and by energy storage and fast switching are discussed. The beamstrahlung parameter is the fractional energy loss due to synchrotron radiation produced by the particles in one bunch passing through the deflecting fields of the opposing bunch. At a given energy, 6 -N2/0
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Need for High Gradient Linac-Colliders
If we consider the sequence of e+e-storage rings SPEAR/DORIS -PEP/PETRA -LEP, we find rough agreement with the following scaling laws with respect to energy E0: circumference E2, RF power requirement (conventional RF systems) E0, cost El5 We can also define an average gradient Eav as the center-of-mass energy divided by the ring circumference. This gradient, which is a measure of how much real estate is required per unit of energy, scales as Eav EEl. If we use these laws to extrapolate to a 300 x 300 GeV machine, we find that the circumference would be about 300 km, the RF power requirement about 1 GW, the cost about 5 billion dollars and the average gradient about 2 MV/m. A superconducting or pulsed RF system could undoubtedly be used to reduce the RF power, but the cost and the voracious appetite for real estate The beamstrahlung parameter is the fractional energy loss due to synchrotron radiation produced by the particles in one bunch passing through the deflecting fields of the opposing bunch. At a given energy, 6 -N2/0
Many trade-offs between these parameters are possible for a fixed luminosity. For example, 6 can be increased by lengthening the bunch, or by decreasing the charge per bunch and increasing the repetition rate to maintain the luminosity. It is important to realize that the single-bunch parameters Nb and az, the beam-beam parameters Y, D and 6, the final-focus parameter 6* and the repetition rate fr are all interrelated. The average power requirement, of course, is proportional to fr.
Later we will see that the energy spread due to singlebunch beam loading and the efficiency for the transfer of energy from the accelerating fields to the beam also depend upon Nb and az. Thus Table I should not be considered an optimized parameter list. It is a possible starting point for a collider design that will serve to give us a feeling for the numbers involved.
In order to attain a gradient of 100 MV/m, both an appropriate accelerating structure and an adequate RF power source are needed. We consider the structure problem first. Once the structure design is chosen, the RF power requirement is also specified. linac showed breakdown at E 74 MV/m for a pulse length of 4 to 5 ps.6 A shorter pulse length appears to be helpful in increasing the breakdown limit, as might be expected. The Ratio ZE where E is the peak electric field on the surface of the structure. The maximum attainable gradient is presumably limited by breakdown effects initiated by electric fields at the surface of the structure. column, Wk -Lswk is the energy in the klystron pulse.
The efficiency for transfer of energy from the RF source pulse to effective stored energy in the structure is qs The peak power that each klystron or power source must deliver is Pk' The last column gives the average power per klystron, Pk, and the total RF power requirement, Ptot = 1000 Pk. Note the expected correlation between high structure efficiency and high peak power. The last entry in the 
Single-Bunch Beam Loading
An analytic expression which describes the SLAC wake potential to an accuracy of better than a few per- and there is not space to display these functions in detail here. The width of this distribution can be minimized by adjusting the phase angle e. In Fig. 5 this optimum phase angle is shown as a function of the number of particles per bunch for three bunch lengths and two RF frequencies. The wake for the SLAC diskloaded structure is again used (this is the only structure that is at present amenable to an analytic calculation of the wake), and an unloaded gradient of 100 MV/m is assumed. The energy spread at the optimum phase angle is shown in Fig. 6 . The energy spread is defined such that 90% of the particles are contained within this width. Note that for Nb = 1011, the energy spread is less than 2% for all cases except az =2 mm at 5712 MHz. As the number of particles per bunch increases, the phase angle 0 increases and the average energy gain per particle will decrease. This is shown in Fig. 7 . As E falls below about 0.9 Ea, it might be desirable to work with e closer to the crest and accept an energy spread which is somewhat larger than the minimum. Many such trade-offs are possible which cannot be described in detail here.
Finally, the beam efficiency as a function of particles per bunch is shown in Fig. 8 . Because we have chosen a very high gradient, the efficiency is quite low, about 1%, for Nb = 1011 at 2856 MHz. The efficiency increases to about 4% at 5712 MHz.
The preceding results are summarized in Table IV for our standard collider conditions: Ea = 100 MV/m, Nb = 1011, az = 1.0 mm. A fr/3-mode jungle gym structure is assumed. We can extrapolate from the computed results for a disk-loaded structure to the jungle gym structure 2745 11 (1) C3, 
2746
At this bunch spacing, higher modes have effectively decohered, and for each following bunch only the superposition of the fundamental beam loading voltages from those bunches which have already passed through the structure need be considered. Successive bunches can be directed, using fast kickers, to different interaction regions. This allows a number of experiments to be run in parallel, although at successively lower energies for each successiive bunch.
The long-range fundamental-mode wake per bunch is AEo = 2koq = 2eNbkO. The average energy of the n-th bunch is therefore
The efficiency for m bunches is, using q/w = 2AE0/E,
Results for a train of four bunches with Nb = 1011, assuming a r/3-mode jungle gym structure at Ea = 100 MV/M are given in Table V . Note that the beam efficiency is quite reasonable at the two higher frequencies, while the energy of the fourth bunch is still an acceptable fraction of the unloaded energy. For convenience, the peak power per klystron (source) and the total average power is repeated from Table III . Fig. 9 . Schematic of a photocathode microwave device.
Energy Storage and Switching
Another method for obtaining very high peak pulsed power is by storing the energy from a klystron pulse over a relatively long period in a high Q resonator, then switching the stored energy out rapidly in about the filling time of the structure. A schematic of the method is shown in Fig. 10 MHz. Energy can be transferred io the cavity with an efficiency of 67%, and from the cavity to two 7/3-mode jungle gym structures 3 m in length (T = 0.28) with an efficiency of 58%. Thus the stored energy per unit length is 21 J/m, the unloaded gradient is 100 MV/m, and the total energy of a 3-km accelerator is 300 GeV. By doubling the pulse length to 8 ps, the gradient increases to 133 MV/m and the total energy to 400 GeV. This, of course, assumes an ideal switch and ignores breakdown limitations. Figure 11 shows the energy as a function of klystron pulse length for two frequencies and klystron peak power levels. Note that the unloaded Q of a spherical resonator in a TE mode is just the radius divided by the skin depth.
The idea of energy storage and switching was introduced by Birx, Dick, Little, Mercereau and Scalapino. 22 The critical component in the technique is the switch. Birx and Scalapino23 describe an electron beam switch and show that an electron density of at least 1012/cm3 is needed to produce an adequate short. A low pressure gas discharge switch has subsequently been developed at Lawrence Livermore Laboratory; a peak power of 160 MW has been switched at S-band using a shorted length of S-band waveguide as a storage cavity.24 With an adequate development effort, energy storage with fast switching could provide an alternative means to attain the peak power required to drive a high energy collider. 
